B cells and their immunoglobulin products participate in allograft rejection of transplanted human kidneys in which an interesting feature is the presence of a germinal center like B-cell clusters in the allograft. We report here that the immunoglobulin repertoires of these infiltrating B cells are highly restricted and the B cells within a cluster are clonal. Antibody libraries made from the infiltrating B cells of individual patients unexpectedly revealed that each patient utilizes a particular set of dominant germ line genes as well as dominant complementarity determining region 3. Comparison of kidney and peripheral blood from the same patient showed that the immunoglobulin genes from both compartments had dominant clones, but they differed. The lymphocytes that infiltrate the kidneys express the immunoglobulin gene somatic recombination machinery usually restricted to highly activated lymphocytes in germinal centers and lymphomas. An analogy can be made between the inescapable antigenic drive in chronic infection versus that in an allograft, both of which may lead to emergence of dominant B-cell clones and even lymphoid malignancy.
transplantation | combinatorial antibody libraries | next-generation sequencing A lthough kidney rejection following allotransplantation had been considered to be largely a T-cell mediated phenomenon (1, 2) , there is growing evidence that B cells and antibodies may play a role in the process (3) (4) (5) . In this regard, the nature of the lymphoid cells that infiltrate into the transplanted kidney is of special interest (6, 7) . These infiltrates are nodular in appearance and are often referred to as tertiary lymphatic organs, ectopic lymphoid tissue, or lymphoid neogenesis because of their remarkable resemblance to the lymphatic organization seen in the germinal centers of lymph nodes and spleen (8, 9) . The similarity of these nodules to those in lymphoid organs goes beyond simple morphology in that they include the full spectrum of Tcell, B cell, and dendritic cell components present in the organized nodules of spleen and lymph nodes and have been shown to produce alloantibodies (10, 11) . Indeed, it has been suggested that the gene expression pattern of the lymphoid infiltrates in rejected kidneys recapitulates the ontogenic program of the embryo during development of the secondary lymphoid organs (10) . Some other studies have suggested that these infiltrates are associated with poor survival of the transplanted kidney (12, 13) .
Despite their frequent occurrence and potential role in kidney rejection, little is known about the molecular nature of these infiltrates, particularly as it relates to their B-cell receptors (BCRs). One wonders about the stage of differentiation of these B cells, whether they are of restricted diversity, differ in kidneys that function well versus those that are rejecting, and have shared antibody specificity amongst different patients. These issues arise because of the unique selective pressure that a transplanted organ exerts on the evolution of an immune response. Many questions concerning the nature of the B lymphocytes that infiltrate transplanted kidneys can now be addressed using combinatorial antibody libraries. Such libraries allow one to characterize the diversity of the entire antibody repertoire of B-cell populations (14) (15) (16) . Here, we report creation of combinatorial antibody libraries from two different pools of RNA isolated from 20 biopsies of transplanted human kidneys. One pool was from 10 patients biopsied by protocol where the graft was performing well and histology was normal (TX) and the other was from 10 patients with the progressive renal dysfunction of chronic allograft nephropathy (CAN) and histology confirming interstitial fibrosis and tubular atrophy (IFTA) (17) . In addition, matched libraries were prepared from the transplanted kidneys and peripheral blood lymphocytes of three patients. Analysis of these libraries showed that the B-cell response in patients with kidney transplants is highly restricted to dominant germ line genes and complementarity determining region 3 (CDR3) and the lymphocytes within a cluster appear to be clonal. Both the infiltrating B cells and peripheral blood of transplant patients have dominant clones, but those in the blood differ from those in the kidney.
Results
Patient Populations Studied. Kidney biopsies and peripheral blood samples were obtained from 23 patients who gave informed consent under a protocol previously described (18, 19) . Human subject research protocols were approved by the institutional review board (IRB) of The Scripps Research Institute and the IRBs of collaborating centers. The kidneys were classified as either TX or CAN/IFTA based on morphological examination of the biopsies and Banff criteria (17) . Chronic allograft nephropathy is an evolved terminology that describes the chronic progressive decline in allograft kidney function that is variably associated with transplant glomerulopathy, peritubular capillaropathy, transplant arteriopathy, tubular atropathy, and interstitial fibrosis (20, 21) .
The infiltrating mononuclear cells in the human transplanted kidneys were stained with hematoxylin and eosin and reacted with B-cell-specific anti-CD20 monoclonal antibody ( Fig. 1 A-E) . Infiltrating lymphocytes were clustered, had a nodular appearance, and formed ectopic lymphoid tissues similar to those reported by others (8, 9) . The majority of the lymphocytes in the infiltrates react strongly with anti-CD20 antibody, thereby confirming that they have the B-cell phenotype.
Molecular Phenotype of the Infiltrating B-Cell Clusters. To gain further insight into the nature of the organized lymphoid infiltrates and the stage of differentiation of the cells in the cluster, we studied the expression of the recombination-activating gene 1 (rag-1) (22, 23) , the recombination-activating gene 2 (rag-2) (22, 23) , and the terminal deoxynuceotidyl transferase gene (TdT) (24) . The expression of these genes is largely limited to immature lymphocytes in bone marrow and thymus, activated lymphocytes in germinal centers, and certain lymphomas (25) (26) (27) (28) . In addition, we studied the expression of genes paired box 5 (PAX5), the early B-cell factor 1 (EBF1), the pre-B-cell surrogate light chain (VpreB), and Lambda 5 because they are expressed early in B-cell development (29) (30) (31) . Using RT-PCR, we found that the infiltrating B cells expressed the rag-1, rag-2, and TdT genes, thus giving them the phenotype of highly activated lymphocytes ( Fig. 1 F-H ). The expression of these genes was confirmed by sequence analysis of the gel bands. The rag-1 and rag-2 gene expression appeared to be higher in transplanted kidneys relative to the mononuclear cells in the patient's peripheral blood even though the number of lymphocytes was much lower in the biopsy specimen than the blood sample. However, no obvious differences were found in the expression of TdT genes between the infiltrating lymphocytes and peripheral blood mononuclear cells. In contrast to the expression of rag-1, rag-2, and TdT genes, the expression of the PAX5, EBF1, VpreB, or Lambda 5 genes in the infiltrating cells was not detected by RT-PCR.
Because the activation of the lymphocyte recombination genes might signify an unstable genome, we also studied whether any of the common malignancy-associated translocations occurred in the infiltrating lymphocytes. PCR analysis of the cDNA produced from the total RNA isolated from the biopsies was carried out using primers produced by InVivoScribe Technologies and showed no translocations of BCL1∕J H t (11;14) , BCL2∕J H t(14;18), BCR/ABL t(9;22), or PML/RAR alpha t (15;17) in the infiltrating lymphocytes of either CAN or TX patients (BCL1, B-cell lymphoma 1 protein; BCL2, B-cell lymphoma 2 protein; BCR, breakpoint cluster region protein; ABL, c-abl oncogene 1or non-receptor tyrosine kinase; PML, promyelocytic leukemia; RAR alpha, retinoc acid receptor alpha).
Restricted Immunoglobulin Gene Usage in the Infiltrating B Cells. Initially, we wished to construct combinatorial antibody libraries in phage to have antibodies expressed in a format that would allow one to screen large numbers for their ability to bind to diverse collections of antigens (14) (15) (16) . We took this approach because we presumed that the B-cell infiltrates in transplanted kidneys would broadly represent the highly diverse antibody repertoire of the transplant recipient. However, our initial studies of the two pools of patients revealed that this might not be the case.
Total RNAs from 10 different CAN/IFTA biopsy tissues and 10 different TX biopsy tissues that contained infiltrating B cells were separately pooled for construction of combinatorial antibody libraries in M13 phage. We began with pooled RNA because of the limited amount of available biopsy material and the attendant uncertainty that sufficient B-lymphocyte RNA would be recovered from biopsies that were mainly kidney cells by mass. Nevertheless, the construction of combinatorial antibody libraries from these pools was successful. A CAN V H (heavy-chain variable region) domain library with at least 1.34 × 10 8 transformants, a TX V H domain library with >1.27 × 10 8 transformants, a CAN V L (light-chain variable region) domain library with >1.0 × 10 8 transformants, and a TX V L domain library with >1 × 10 8 transformants, were constructed. In addition, combinatorial CAN and TX antibody single-chain fragment libraries using random combinatorial associations of these heavy and light chains were also constructed in M13 phage. Fifty phage clones from the CAN patients and 50 from the TX patients were randomly picked and their inserted immunoglobulin genes analyzed by gene sequencing.
Analysis of the sequenced clones revealed that 42 and 41 from the CAN and TX populations, respectively, had functional immunoglobulin inserts. Remarkably, the immunoglobulin gene usage was highly restricted. The IGHV1-69 germ line dominated the CAN population and represented 31% of the 42 clones, and the IGHV3-23 germ line dominated the TX population in 61% of the 41 clones (Table S1 ). In the IGHV1-69 germ line, five clones had germ line genes closest to allele 04 and six were closest to allele 06. The remaining clones were closest to alleles 01 and 12. For IGHV3-23, the germ line genes of six clones were closest to allele 01, whereas 19 were closest to allele 04. Most importantly, the nucleotide sequences that encoded the CDR3 regions of the immunoglobulin molecule were also highly restricted (Table S1 ) and identical in 8 CAN and 16 TX clones.
Deep Sequencing of Immunoglobulin Genes from Infiltrating B Cells.
To expand the information base and ensure that the observation of restricted gene usage was not due to a sampling error, deep sequencing of the V H and V L genes from the pooled libraries was carried out. We studied 147,445 CAN and 305,234 TX sequences from a single sequencing run (Fig. S1A ). Again, the V H gene usage was highly restricted with respect to the immunoglobulin germ lines and CDR3 regions for both CAN and TX populations. IGHV3-23, IGHV1-69, and IGHV 2-5 were the dominant V H germ line genes in TX, representing 64.7% of the sequenced genes, whereas IGHV3-23, IGHV 2-5, IGHV2-70, and IGHV1-69 were dominant in CAN (47.2%) (Fig. S1B) . No obvious D region gene usage dominated either the CAN or TX populations (Fig. S1C) . IGHJ6 was the dominant J gene in TX (67.1% of gene usage), whereas IGHJ4 and IGHJ6 were in CAN (37.4% and 36.6%, respectively; Fig. S1D ). In the V L genes, dominant germ lines and J genes were also used in CAN and TX, but were not as obvious as those used to encode the V H domain ( Fig. S2 A-D) .
The amino acid sequences of the CDR3 regions of the antibodies were also highly restricted. The sequence CAKDRDAMDL-TYYYYGMDVW was the dominant CDR3 in TX representing 22.0% of the total TX sequences. In the CAN patient population, the CAHRTTYSFPGGFDYW represented 6.3% of the functional CDR3 sequences (Table S2 ). There was evidence of both gene convergence and somatic mutation in the CDR3 regions of the immunoglobulin molecules, thereby indicating a strong selective pressure in the B-cell response ( Table S2 , S3, S4, S5, S6, and S7). The complete deep sequencing data are presented in Tables S3, S4 , S8, S9, S10, S11, S12, S13, S14, and S15.
Dominant B-Cell Clones in the Blood of Individual Patients Differ from
Those in Their Kidneys. Taken together, our results suggested that the B-cell clusters in transplanted kidneys were clonal both in terms of gene usage and morphological confinement. We wished to determine if the B-cell clones that appeared in the kidneys were broadly representative of an individual's immune response or if they represented a subpopulation of lymphocytes with special properties, such as certain antibody specificities or homing receptors (32) . To study this question, we carried out deep sequencing of the immunoglobulin genes present in both the blood and transplanted kidney of individual patients. As expected from the above studies, the B cells that infiltrated the kidneys of these patients were largely clonal and differed amongst patients. However, what was surprising was the finding that there were also highly dominant clones in the blood and they differed from those present in the kidney of the same patient (Table 1) .
IGHV1-69, IGHV4-34, and IGHV5-51 were mainly used as dominant germ lines in the B cells that infiltrated the three transplanted kidneys studied (K1, K2, and K3) and represented 58.7%, 30.7%, and 80.0% of the germ lines used, respectively. IGHV4-34, IGHV2-5, and IGHV1-18 were the dominant germ lines present in the peripheral blood B-cell samples from the same patients (B1, B2, and B3) representing 26.8%, 48.6%, and 46.3% of the sequenced genes, respectively. Each patient also had dominant J gene usage and, in this sampling, there also appeared to be dominant D gene usage ( Table 1 ). The dominant CDR3 regions were different amongst patients as well ( Table 2) . One remarkable example of selection is seen in the dominant CDR3 usage in the kidney of one patient (K1). Both CDR3 regions begin with the same 14 amino acids but one ends there and the other continues for another seven amino acids ( Table 2) . One consequence of this seven amino acid long extension is to add a second cystine residue that might form a disulfide bond that stabilizes the CDR3 loop as has been reported for shark immunoglobulins (33) . The total deep sequencing data from the infiltrating B cells and peripheral blood B cells from each individual patient are catalogued in Tables S5, S16 , S17, S18, and S19.
Although it was most likely that the infiltrating lymphocytes originated from the recipient of the allograft, there was a formal possibility they were passenger lymphocytes of donor origin transplanted with the kidneys. To determine whether they originated from donor or host, we analyzed alleles of the germ line genes between the matched kidneys and peripheral blood samples. Only reads that could be definitively matched to a single allele were counted (Table S19 ). The analysis showed clearly that the infiltrating B cells were of host origin.
Correlating the Sequence Analysis with Morphology. All the above studies suggested that the B-lymphocytes that populate the infiltrating clusters are largely clonal. Nevertheless, because these studies are based on extracted nucleic acids, it was important to correlate the molecular characterization of the extracted RNA with the actual morphology of B-cell clusters in transplanted tissue. Thus, we wished to understand the lymphocyte population in terms of individual clusters as opposed to that of the total B-cell population of the kidney biopsy because of the possibility that the infiltrates in different areas of the kidney will be the progeny of different B cells even though the overall diversity is highly restricted. Because we knew the dominant immunoglobulin gene sequences utilized by the infiltrating B cells in the patients, we were in a position to carry out morphological experiments to confirm that the immunoglobulin genes expressed by each individual patient were private and could, therefore, determine whether the gene was expressed by a majority of the B cells within a given cluster. To investigate this point, one dominant gene that encoded the CARNIVPILGALFPLDYW CDR3 sequence was used as probe to detect its corresponding mRNA in the patient's tissues by in situ hybridization. Hybridization conditions were chosen such that the probe could bind to the DNA or mRNA where only the combined VDJ gene product existed, but not to separated V, D, or J genes in the genome (Fig. 2E) . Paraffin-embedded tissues from 10 individual CAN/IFTA and 10 TX patients were studied. The B-cell infiltrates from only one CAN/IFTA patient bound to the probe (Fig. 2 A-C) . The positively stained B cells had the typical small lymphocyte morphology with rounded nuclei that occupied much of the cellular volume. These B cells were clustered and, at this level of resolution, it appeared that, in this region of the kidney, all members of the cluster bound to this probe, K1, K2, and K3 were CAN biopsy kidney samples, and B1, B2, and B3 were CAN peripheral blood samples. K1 and B1, K2 and B2, and K3 and B3 were obtained from the same patients, respectively. Orange, gray, and pink indicate the dominant V germ line, D, and J genes of three pairs of the samples, respectively. K1, K2, and K3 were CAN biopsy kidney samples, and B1, B2, and B3 were CAN peripheral blood samples. K1 and B1, K2 and B2, and K3 and B3 were obtained from the same patients, respectively. again suggesting that these infiltrates were clonal. Neither B cells from other patients nor the nuclei of parenchymal kidney cells bound to the probe (Fig. S3 A-D) . Staining of a lymphocyte cluster from a different area of the kidney demonstrated that spatially distant B-cell clusters express the same gene within that region (Fig. 2D) . Thus, although the deep sequencing results suggest there may be a few dominant clones that infiltrate the kidney, the individual B-cell clusters appear to be organized around a single clone. Furthermore, we expect that different clones may invade different regions of the kidney even though the number of involved clones is extremely limited in a given individual.
Discussion
The most important question raised by these studies is why are the B-cell infiltrates in the transplanted kidneys clonal? Given the diversity of the B-cell repertoire, two mechanisms generally would account for emergence of a single clone. The most common is when a single member of the repertoire undergoes malignant transformation and becomes a lymphoma or myeloma with replicative advantage (34, 35) . The other mechanism is a powerful and sustained antigenic selection such that a clone with superior binding energy is selected over time. One might imagine that the presence of a foreign organ is the epitome of inescapable antigenic drive. Notwithstanding, a third mechanism for generation of clonality amalgamates both of these concepts. The central idea is that sustained antigenic drive and the concomitant inescapable B-cell replication lead to selection of mutant clones that are no longer responsive to intracellular or extracellular regulatory processes. We now know that some classes of infiltrating lymphomas arise in situations where chronic infection or autoimmunity leads to sustained antigenic stimulation as occurs in Helicobacter pylori (36, 37) or Hepatitis C (38, 39) infections or in autoimmune conditions, such as Sjögren syndrome (40, 41) and Hashimoto thyroiditis (42, 43) . The prototypic example is the mucosa-associated lymphoid tissue (MALT) lymphomas that are associated with Helicobacter pylori infection and disappear in more than 75% of cases when antibiotics cure the infection, presumably because the antigen stimulation is removed (44, 45) .
In analogy to the MALT and other antigen-driven lymphomas, certain B-cell clones may dominate the infiltrating lymphoid population in transplanted kidneys because the inescapable antigen drive has led to cells whose replication has become autonomous. The process might begin when sentinel members from the diverse population of the B-cell repertoire enter the transplanted kidney because of the localized presence of antigen. They replicate there under the usual rules of antigenic selection until one or a few members of the population escape regulation, thereby leading to their dominance. Essentially, this process can be considered to be a form of ligand-driven continuous cellular activation followed by regulatory escape. Given the diversity of the antibody repertoire, one might expect that perpetuation of the process by which one or a few B-cell clones remain dominant might require both sustained antigenic drive and regulatory escape. Again, this situation is analogous to the MALT lymphomas that are frankly malignant, but curable when antigen is removed.
The analysis reported here of the gene usage in the infiltrating population of B cells suggests that an antigenic driving force is present because there is convergence in the usage of CDR3 sequences (Tables S3, S4 , and S5) and evidence of somatic mutation in the immunoglobulin genes (Fig. 2E) . Furthermore, expression of the immunoglobulin recombination machinery in these B-cell infiltrates is consistent with the editing processes that may accompany a strong antigenic driving force. Sustained expression of the recombination genes may ultimately lead to an unstable genome that could be the precursor to regulatory escape variants (Fig. 1 F-H) .
One cannot discount the role played by the unusual circumstance of organ transplantation in the restricted diversity observed here. The generation of a B-cell response is generally considered to be an evolutionary competition between B-cell clones based on the selective pressure of binding energy for a particular antigen. However, it is not a "pure" evolutionary competition because outside constraints, such as regulatory T cells, can dampen selective advantages and affect the outcome of the response. One reason for the emergence of dominant clones in these patients may be because they have the unusual circumstance of inescapable antigenic drive in the presence of immunosupression such that the usual constraints on B-cell proliferation imposed by regulatory T cells are largely absent. Thus, in a sense, the B-cell response in patients with deliberately drug-compromised immune regulatory functions is a "more pure" evolutionary competition than that in normal individuals. This unbridled competition can reasonably be expected to lead to the emergence of clonal populations of B cells that can be considered to be T-regulatory escape variants. In the two-component process described above, escape from regulation by mutation and removal of outside suppression would appear equivalent. Another interesting question arises as to why the lymphocytes that infiltrate into transplanted kidneys are organized into tertiary lymphoid organs. One might have imagined that the mechanism of such organization is so complex that it would be confined to more specialized organs, such as lymph node and spleen. For example, the differentiation of early B cells into plasma cells in the spleen occurs via a highly complex cascade that involves encounters with antigen and specialized helper Tcells specific for the antigen, production of specialized cytokine signals, and migration into germinal centers where they rapidly proliferate and differentiate. Ultimately, under a separate set of signals, the plasma cells again migrate from the germinal centers into the medullary region of the spleen and/or leave the spleen and migrate to the bone marrow (46) . We envision that, as suggested by others, the cells that compose the lymphoid infiltrates in the kidney produce sufficient signals for self-organization into ectopic lymphoid organs, particularly because there may be sustained antigenic stimulation in transplantation (10) . The seeding by these sentinel B cells is followed by largely clonal expansion leading to the formation of nodular clusters that resemble the germinal centers of the spleen. However, the requirements for cell exit may only occur in lymphoid tissue because the requisite intraorgan migration events are confined to these tissues. It is not known which cell(s) seeds the transplanted kidneys or their stage of differentiation at the time of entry, but it is reasonable to assume that it begins with antigen-specific B cells that present antigen to helper T cells, not unlike normal adaptive immune responses. The only difference may be that the cascade is imperfect in nonlymphoid organs resulting in an abortive process leading to the observed confinement of the ectopic lymphoid centers. Also, it is not yet clear why the B-cell clones in the blood and transplanted kidney of the same patient are different. This analysis must await the determination of the antigen with which the immunoglobulins expressed by these clones react. If both populations react with similar kidney antigens it might suggest the presence of different homing signals in lymphocyte subpopulations.
The concepts discussed here may not be limited to transplanted organs. It has also been reported that the infiltrating B cells in different types of cancers are clonal and express immunoglobulins that originate from a dominant germ line gene (47) (48) (49) . Here, a tumor antigen, as opposed to a transplantation antigen, may drive the infiltrating cells and possibly tumor-specific mechanisms of local "immunosuppression" are also operant.
Materials and Methods
RT-PCR. Total RNAs were isolated and pooled from biopsy samples and peripheral blood samples. Template cDNAs were generated and used as tem-plates in the PCR reactions to amplify rag1, rag2, TdT, PAX5, EBF1, VpreB, and Lambda 5 genes (Table S20 ). Equal amounts of PCR products were loaded and the DNA bands were sequenced. See SI Materials and Methods for further details.
Construction of Combinatorial Antibody Libraries. The cDNA was amplified from the total RNA pool by reverse transcription. The V H and V L genes were amplified using cDNA as the template, these V H genes, V L genes, or both V H and V L genes were inserted respectively into the phage display vectors to construct a series of combinational antibody libraries. See SI Materials and Methods for more details.
Deep Sequencing of V H and V L Genes from Combinatorial Libraries. Fusion primers were designed. Plasmids, which isolated from the libraries contained a pool of V H genes or V L genes, were used as templates to amplify amplicons. The amplicons of V H or V L were deeply sequenced according to Roche 454 GS FLX instructions (Fig. S4 and Table S21 ). See SI Materials and Methods for further details.
Deep Sequencing of V H Genes from Individual Patients. Universal V H gene primers and amplicon fusion primers were designed for V H gene amplification from three CAN/IFTA biopsy samples and three peripheral blood mononuclear cell samples that were respectively obtained from the same three CAN/ IFTA patients. The amplicons were purified from 1% agarose gels and deeply sequenced. See SI Materials and Methods for more information (Fig. S4 and Table S22 ).
Bioinformatics of Deep Sequencing Analysis. Antibody sequences were analyzed by BLAST downloaded from the National Center for Biotechnology Information and compared to germ line IGHV, IGKV, IGLV, IGHD, IGHJ, IGKJ, and IGLJ sequences obtained from the Immunogenetics database. Matching was done using the MEGABLAST algorithm. CDR3 sequences were identified by Smith-Waterman procedure. See SI Materials and Methods for more details.
In Situ Hybridization. One dominant CDR3 from CAN was used as the probe conjugated with biotin. Paraffin-embedded tissue sections were deparaffinized, rehydrated, treated with 20 μg∕mL Proteinase K, prehybridized for 3-4 h at 57°C, and hybridized with the probe at 2 ng∕μL for 12-16 h at 57°C. A mouse anti-biotin-phycoerythrin monoclonal antibody was used to visualize the probe. See SI Materials and Methods for further information.
